Abstract: For the absolute cavity length interrogation of fiber-optic Fabry-Perot (FP) sensors, a low-coherence interferometer based on the Powell lens is proposed and demonstrated. The usage of a large-fan-angle Powell lens combined with a tiny fiber collimator for achieving a line-type beam and uniform beam-profile distribution improves the power adaptability of the system for different types of fiber-optic FP sensors. Furthermore, the system volume is considerably reduced, rendering it more compact than the conventional system using a cylindrical lens or mirrors.
Introduction
Owing to advantages including high-sensitivity, compact size, light weight, chemical passivity, and resistance to electromagnetic interference, fiber-optic Fabry-Perot (FP) sensors have attracted significant attention from academic and industrial communities, and are extensively used in various areas [1] - [4] . Using heat or radiation resistant materials, such sapphires and SiCs, fiber-optic FP sensors demonstrate tremendous potential for application in extreme environments including hightemperature, high-pressure, high-radiation in aerospace, deep sea, and nuclear plants. [5] - [9] .
For the practical application of fiber FP sensors, the interrogation technique plays a crucial role because it determines the resolution, accuracy, and operating rate of the entire sensing system. The interrogation methods for fiber FP sensors are mainly of two types: intensity interrogation and phase interrogation [10] - [13] . Although the signal detection and processing in intensity interrogation are relatively simple, disturbances from light-source fluctuation, optical-path losses, etc., are difficult to eliminate, and the sensing accuracy and system stability are relatively low. In contrast, by extracting the sensing information through a phase discrimination method from the optical interference signal, phase interrogation methods can achieve high sensitivity.
As a type of phase interrogation method, correlation interrogation for fiber FP sensors includes advantages such as absolute measurement and large dynamic range. The correlation interrogation method can be classified into two categories: scanning correlation and nonscanning correlation. Nonscanning correlation interrogation is based on a low-coherence Fizeau interferometer, and the core correlation device is an air-gap or birefringent optical wedge. Compared to scanning correlation interrogation, nonscanning correlation interrogation has a high data-acquisition rate, high resolution, is robust against disturbance, etc.
To achieve the spatial correlation of an FP sensor with an optical wedge, the light transmitted in the fiber-optic path must be coupled into a beam propagating in free space. Generally, a CCD linear array, used as the signal receiver, has a length of several tens of millimeters; hence, the optical wedge should also have the same length or must be even longer. To completely utilize all the pixels of the CCD linear array and achieve a high-cavity-length interrogation resolution for the FP sensor, the beam radius of the coupled-out light should be expanded to cover all the pixels of the CCD linear array. Moreover, to completely utilize the light power, the light beam should not be expanded in the vertical direction.
To realize the above, a combination of a fiber collimator and a cylindrical lens or cylindrical mirror has been commonly proposed. The fiber collimator is used for expanding the light beam such that the beam radius covers all the pixels of the CCD linear array, while the cylindrical lens or mirror is used to refocus the light into a line-type beam [14] - [16] . However, to achieve a line-type-beam spot with a length of several centimeters, the size of the fiber collimator used is generally considerable, rendering the entire system relatively large.
In addition, it was proposed to directly couple-out the light from the fiber facet as divergent light, and focus this divergent light in a particular direction using a cylindrical lens or mirror to form the required line-type beam profile [17] - [20] . However, the numerical aperture (NA) of a single mode fiber (SMF) is generally less than 0.22, which renders the divergent angle relatively small. Only at a relatively long distance, the formed line-type beam can cover the entire range of the CCD linear array, resulting in an interrogation system that is not compact. Furthermore, the optical configuration introduces certain nonlinearity between the pixel position and the interrogated cavity length. Another problem in these types of systems is that the transverse intensity distribution of the beam is nonuniform and is commonly in a Gaussian form, which inevitably introduces certain obstacles and errors in the peak position determination of the correlation interferometric signal.
In order to address these issues, a Powell lens-based compact low-coherence correlation interrogation system for fiber-optic FP sensors is proposed, in this study. A novel compact line-type beam-shaping system consisting of a tiny optical fiber collimator and a Powell lens is proposed for a nonscanning correlation interrogating system. By combining a large-fan-angle Powell lens and a tiny fiber collimator to achieve a line-beam spot output and uniform beam-profile distribution, the power adaptability of the system for different types of fiber-optic FP sensors is effectively improved, while reducing the system volume considerably.
Interrogation Principle
There are many different types of intrinsic or extrinsic FP sensors, which can be fabricated using different materials through different methods; however, their basic structure and working mechanism are the same. A typical extrinsic FP sensor is shown in Fig. 1 , which can be used for the sensing of various quantities, such as, strain/stress [21] , curvature [22] , displacement [23] , temperature [24] , etc. The sensor is composed of two vertically cut SMFs and a glass capillary. The two fiber ends are inserted into the glass capillary with a certain separation. The two facets of these SMFs are parallel to each other. When light is input through one of the SMFs, an interference effect is caused between the lights reflected by the two surfaces.The external physical or other types parameters affecting the cavity length can be measured by the length interrogation of the FP cavity. For FP sensors, there always exist an extra surface with undesirable reflection, to eliminate it, the surface can be roughen through a chemical or mechanical way, coated with an anti-reflection film, or tilted an angle of 8°.
The FP-sensor interrogation system, depicted in Fig. 2 , is composed of a superluminescent light emitting diode (SLED), optical isolator, 2 × 1 SMF coupler, fiber collimator, Powell lens, optical wedge, CCD line array, data processing circuit, and a computer. The wideband light emitted by the SLED is coupled into the 2 × 1 SMF coupler after passing through the optical isolator, and is illuminated on the fiber-optic FP sensor. Part of the reflected light then is coupled back into the 2 × 1 SMF coupler. Half the light is coupled into the fiber collimator, and transformed into a collimated beam in free space. The Powell lens shapes the beam into a line-type beam, which then passes through the optical wedge and is received by the CCD linear array, which transforms the modulated light intensity distribution into an electric signal. The data processing circuit determines the maximum position for obtaining the cavity length of the fiber-optic FP sensor, which is then sent to the computer and displayed.
The core interrogation mechanism is based on the optical-length matching between the cavity length of the fiber-optic FP sensor and the optical wedge, both of which determine the modulated light intensity distribution illuminated on the CCD linear array.
If the SLED has a spectral density of I 0 (λ), for a single wavelength, λ, the reflected light of the fiber-optic FP sensor can be expressed as
where R 1 and R 2 are the reflection ratios of the two interfaces of the FP cavity, n is the refractive index of the material filled in the FP cavity, and d is the cavity length. For an air cavity, n ≈ 1.
Half the reflected light is coupled into free space by the fiber collimator and Powell lens, and then passes through the optical wedge. If an air-gap optical wedge is used, the passing light for a wavelength, λ, can be expressed as
where the two inner surfaces of the air-gap optical wedge are supposed to have a reflection ratio of R 3 ; L p (x) is the separation of the two inner surfaces at a position, x; η(x) is the intensity spatial distribution introduced by the fiber collimator and Powell lens. Suppose the inner separations of the air-gap optical wedge at the two ends are
where θ is the tilt angle of the air-gap optical wedge. Considering all the wavelengths passing through the air-gap optical wedge, the modulated light intensity distribution illuminated on the CCD linear array can be expressed as
where λ min ∼ λ max is the wavelength range of the SLED source. The signal received by the linear array CCD can be considered as a cross correlation operation between the cavity length of the FP sensor and the optical wedge, and can be called a correlation interferometric signal. For a position,
is satisfied, the peak of the correlation interferometric signal will be formed. Hence, using an algorithm to find the peak position, x m , the cavity length of the fiber-optic FP sensor can be determined as follows:
Design and Simulation of the Powell Lens-Based Beam Shaping System
In a nonscanning correlation interrogating system, different positions of the wedge correspond to different cavity lengths. To utilize the light power completely and realize maximal detection range, the light that passes through the optical wedge and illuminates the CCD linear array should have a line-type beam profile with an appropriate size. However, as the light output from the fiber facet is a divergent beam, a beam-shaping system is required. A novel compact line-type beam-shaping system consisting of a tiny optical fiber collimator and a Powell lens is proposed for the nonscanning correlation interrogating system, as shown in Fig. 3 , in this study.
The Powell lens is a special type of aspherical lens, which has a 2D aspherical optical surface that be expressed by
where k is the cone coefficient of the quadric surface, c is a curvature parameter, and r is a position in the radial direction with respect to the central axis of the Powell lens. When light from a tiny collimator is incident on the front optical surface, it rapidly converges in one dimension, and is finally refracted through the rear surface to form a line-type beam with a fan angle, θ. The fan angle is determined by the length, d 2 , cone coefficient, k, and curvature, c, of the Powell lens, and is related to the incident beam radius. A geometrical model of the Powell lens was built in SolidWorks and imported into the optomechanical software, Tracepro, for simulation and optimization. The geometrical structure of the Powell lens built according to formula (7) , is depicted in Fig. 4 . The cone coefficient, k, was set to −1.6, the curvature, c, was set to 0.4, the diameter, φ, was set to 8 mm, the incident beam diameter was set to 0.4 mm according to the actual beam size of the fiber collimator used, and the length of the Powell lens, d 2 , was set to 9 mm.
The three-dimensional model and simulation results of the Powell lens at a distance of 50 mm are shown in Fig. 5(a) . The material used was BK7. Most of the incident light passed through the Powell lens and was converted into a line-type beam.
For comparison, a cylindrical lens was also simulated. The size of the cylindrical lens model was 35 mm × 35 mm × 2 mm (edge thickness), and its focal length was 50 mm. The same material, BK7, was used as in the Powell lens. The input light beam was a Gaussian beam with a beam waist diameter of 4 μm and half divergence angle of 6.35°, corresponding to the divergence angle of the light beam output from the SMF. The distance between the light source and cylindrical lens was set to 60 mm, as per the actual experiment setup. The intensity distribution of the light passing through the cylindrical lens was acquired at the focal plane of the cylindrical lens. The 3D cylindrical lens model and the simulation results are depicted in Fig. 5(b) . Obviously, the beam size in the horizontal direction is relatively narrower than that of the Powell lens, and is considerably broader in the vertical direction. Finally, the intensity distributions of the light output from the Powell lens and cylindrical lens were extracted, as shown in Fig. 6 . The light intensity output from the cylindrical lens shows a Gaussian distribution, i.e., the center part of the beam is considerably brighter than the two sides, which may seriously affect the interrogation range of the low-coherence correlation interrogation system, if the power level of the reflected light from the fiber-optic FP sensor is too high, or too low. It is to be noted that the intensity distribution of the light output from the Powell lens was considerably more uniform and the intensity fluctuated only within a small range.
To evaluate the beam quality of the line-type beam, a light intensity coefficient, Q = I i /I m , was defined, where I i is the light intensity at a certain point and I m is the peak intensity. Furthermore, a uniformity coefficient was defined as E = S E /S, where S E is the range, when Q ≥ 0.5 and S is the total range of the beam spot. The uniformity coefficients of the Powell lens and cylindrical lens were 0.724 and 0.2344, respectively. The calculated uniformity coefficient of the cylindrical lens was less than that of the Powell lens.
When a Powell lens combined with a tiny fiber collimator is used, different from a cylindrical lens with stable focus, the CCD can be located according to the length of the detector window and fan angle of the Powell lens. Additionally, the size of the low-coherence correlation interrogation system can be reduced. Besides, the intensity distribution uniformity along the line direction of the reshaped beam profile can be considerably improved; this addresses the problem, where the edge signal of a linear array CCD cannot be detected because of the uneven distribution of the linear spot light generated by a cylindrical lens. The proposed system can maintain the available interrogation range for FP sensors even when the power level of the reflected light is relatively low. Thus, the combination of Powell lens with a tiny collimator is more suitable as a beam shaping system for a low-coherence correlation interrogation system.
Experiments and Discussions
A low-coherence correlation interrogation system based on the Powell lens was constructed; the experimental setup is shown in Fig. 7(a) . The used SLED, in which an optical isolator was internally integrated, had a center wavelength of 850 nm and 3-dB spectral bandwidth of 58 nm. The 2 × 1 optical coupler (Thorlabs, TW850R5A2) was a wideband type, with a center working wavelength of 850 nm and minimal transmission range of ±100 nm. A tiny fiber collimator and a Powell lens with a fan angle of 60
• were used for coupling and emitting a liner-type beam to a distance of 50 mm, where a 3648 CCD linear array ((fabricated by Toshiba Semiconductor, TCD1304DG) was placed. The size of each pixel was 8 μm × 200 μm, the total photosensitive length was 29.2 mm, and the dynamic range was 300. It is to be noted that the output current signal of the CCD was inversely proportional to the light intensity. A handmade air-gap optical wedge with an air-gap thickness range of 55−105 μm, which was fabricated using two optical glass plates, was placed in front of the CCD linear array. Because of the imperfect of fabrication, and the spatial width of the correlation interferometric signal, the cavity length measuring range was shortened to 60−100 μm. The compact optical beam-shaping system composed of the fiber collimator, Powell lens, and airgap optical wedge was assembled and sealed along with the CCD linear array in a metal cassette to avoid background-light disturbance on the CCD linear array and protect the optical-device surfaces from contamination due to dust. A self-designed signal processing circuit with an FPGA as the central processing chip was used for driving the CCD linear array, and, a peak positioning algorithm was used for realizing cavity length interrogation from the correlation interferometric signal obtained.
To verify the uniformity of the spatial line-type profile shaped by the compact optical beamshaping system, an SMF optical retroreflector with a uniform reflection ratio was connected to the low-coherence correlation interrogation system shown in Fig. 7 . As the FP cavity was not connected to the interrogation system, a correlation interferometric signal was not obtained. The output signal, referred to as the basal signal, only reflects the beam-shaping effect of the Powell lens. As observed in the top image of Fig. 8 , the light distribution is relatively uniform on the CCD linear array; compared to that obtained from an optical beam-shaping system consisting of a cylindrical lens and a largeaperture fiber collimator (bottom image of Fig. 8 ), the uniformity of the light distribution in the beam profile is effectively improved.
Further, an extrinsic FP sensor with the same structure as that shown in Fig. 1 was connected to the Powell lens-based low-coherence correlation interrogation system. The fiber-optic FP sensor was constructed by inserting two vertically cut SMFs into a glass capillary with a certain separation. The diameter of the SMF core was 9 μm, and the outer diameter of the coating layer was 125 μm. The glass capillary had an inner diameter of 128 μm, outer diameter of 320 μm, and length of 30 mm.
The original correlation interferometric signal can be directly obtained from the CCD output, as shown in Fig. 9 . However, noises and fake signals were present. To extract the peak position of the correlation interferometric signal of the fiber-optic FP sensor, a combined algorithm based on Fourier transform [25] , bandpass filtering [26] , and the gravity method [27] was used. In which, the correlation interferometric signal is firstly Fourier transformed into the frequency domain, and filtered out the low-frequency background signal and high-frequency noises by a bandpass filter; then, the signal is reversely transformed back to the spatial domain again, and the the envelope of the filtered correlation interferometric signal is fitted through a method of instantaneous effective value extraction; finally, the peak position of the envelope is found by gravity center searching in the signal range, and the corresponding innter separation of the optical wedge at the peak position is used to extract the cavity length of the fiber-optic FP sensor through formula (6) . The corresponding relationship between the cavity length and pixel point was determined through the system calibration process. Fiber-optic extrinsic FP sensors with cavity lengths of 60.003 μm, 65.002 μm, 69.998 μm, 74.999 μm, 80.001 μm, 84.998 μm, 90.002 μm, and 94.999 μm were fabricated and connected to the interrogation system, respectively. The peak positions for all the eight FP sensors were recorded. By a linear fitting method, the corresponding relationship between the cavity length and pixel point was obtained as
The degree of fitting was R 2 = 0.9999, and the accuracy in the entire range of 60−100 μm reached a value of 0.04%.
To evaluate the resolution of the proposed Powell lens-based low-coherence correlation interrogation system, a fiber-optic FP sensor with a cavity length of 89.521 μm was connected to the interrogation system and continuously interrogated in a short time. As seen from Fig. 10 , the continuous 60 times sampling of the interrogated results fluctuated in a very narrow range from 89.508 μm to 89.527 μm. A standard deviation about 2.537 nm can be calculated from these results, so the resolution is better than 2.54 nm. To investigate the power adaptability of the Powell lens-based low-coherence correlation interrogation system, experiments were conducted for the cavity-length interrogation of a cavity-length tunable FP sensor under different SLED output powers. The cavity-length tunable FP sensor was fixed to a pair of 5-axis precision translation stages for fine tuning the cavity length.
In the experiment, the cavity length was tuned within a wide range covering the separation range of the air-gap optical wedge, and the upper and lower limits of the cavity length that can be interrogated were determined for different fixed output powers of the SLED. As can be observed in Fig. 11 , the cavity-length range that can be interrogated remained almost the same for the Powell lens system. The Powell lens-based interrogation system demonstrated a stable interrogation range, when the output power of the SLED was varied from 5−13 mW.
However, when the compact optical-beam shaping system was replaced by a cylindrical-based system, the cavity length range that could be interrogated decreased continuously with the decrease in the SLED output power. In particular, when the output power of the SLED was below 6 mW, the correlation interferometric signal disappeared, and the interrogation system failed to interrogate any cavity length. The reason is that, because of the Gaussian distribution of the light beam, the light intensity on the two sides of CCD linear array become too weak to be detected, as a result, when the cavity length of the FP sensor was in these ranges, it can't be interrogated. The lower the SLED output power, the shorter detectable range.
Obviously, the Powell lens-based low-coherence correlation interrogation system can maintain the available interrogation range for FP sensors for different power level of light. Thus, it can be concluded that the Powell lens-based interrogation system has better optical power adaptability. Moreover, this system has a wider interrogation range, compared the cylindrical lens-based one, under the same SLED output power.
Fiber-optic FP sensors can be fabricated using different types of materials, according to the different application environments. Different materials have different refractive indices, and different reflection ratios. Hence, the reflected light received by the CCD linear array will have different intensity levels. The proposed Powell-lens-based low-coherence interrogation system is advantages because it is more adaptable for the interrogation of different fiber-optic FP sensors, particularly when the reflected optical power is relatively low.
Conclusions
A large-fan-angle Powell lens combined with a tiny fiber collimator was proposed to realize a linebeam spot output and uniform beam-profile distribution for a low-coherence correlation interrogation system, for fiber-optic FP sensors. By optimizing the design of the optical system, the intensity distribution of the line-type beam was made more uniform. Compared to an optical expanding and beam-shaping system based on a cylindrical lens or mirror, in the proposed system, the output beam does not require a fixed focus plane, rendering the tuning of the optical system more convenient; moreover, the interrogation performances, such as the interrogation range and optical power adaptability of the proposed system were improved. In addition, the system includes advantages such as compact size and low cost.
